in the lithospheric strength of the East European and Mediterranean subdomains. These 10 predictions are compared to the deformation computed for the same region using a 11 spherically symmetric, self-gravitating, viscoelastic Earth model of glacial isostatic 12 adjustment. The radial viscosity profile and ice history input into the GIA model are taken 13 from a model that ''best fits'' three-dimensional crustal velocities estimated from the 14 BIFROST Fennoscandian GPS network. The comparison of the tectonic and GIA signals 15 includes predictions of both crustal velocity maps and baseline length changes associated 16 with sites within the permanent ITRF2000 and BIFROST GPS networks. Our baseline 17 analysis includes reference sites in northern and central Europe that are representative of 18 sites at the center, edge, and periphery of the GIA-induced deformation. Baseline length 19 change predictions associated with all three reference sites are significantly impacted 20 by both tectonic and GIA effects, albeit with distinct geometric sensitivities. In this regard, 21 several of our tectonic models yield baseline rates from Vaas, Onsala, and Potsdam to sites 22 below 55°N which are consistent with observed trends. We find that a best fit to the 23 ITRF2000 data set is obtained by simultaneously considering the effects of GIA plus 24 tectonics, where the latter is modeled with a relatively weak Mediterranean subdomain. In 25 this case, the tectonic model contributes to the observed shortening between Onsala/ 26 Potsdam and sites to the south, without corrupting the extension observed for baselines 27 extending from these reference sites and sites to the north; this extension is well reconciled 28 by the GIA process alone.
Crustal deformation patterns in Europe are influenced 38 by both plate tectonic forces and glacial isostatic adjust-39 ment, with the former including boundary forces associated 40 with Africa-Eurasia convergence and spreading at the Mid-41 Atlantic Ridge. The region has been monitored by survey-42 ing using permanent global positioning system (GPS)
107
[6] The western and southern borders of the model 108 domain are chosen to coincide with the location of the 109 Mid-Atlantic Ridge and the Africa-Eurasia plate contact 110 respectively. Velocity boundary conditions are applied along 111 these boundaries. The right border of the model domain lies 112 along the 45°E meridian, inside the intracratonic East 113 European Platform, where the transmission of stress from 114 the applied boundary forcing is expected to be relatively 115 small. The domain is discretized using planar finite trian-116 gular elements sufficiently small in size (no bigger than 1°Â 117 1°in central and northern Europe and 2°Â 2°in the western 118 oceanic portion of the domain) to justify treating the surface 119 of each individual grid element as flat.
120
[7] Next, we turn to a review of the governing equations 121 used in this study. In spherical coordinates the deviatoric 122 components of stress are related to the velocity components 123 u r , u q , and u f by
where m denotes the viscosity and q, f, and r represent the 136 colatitude (south), east longitude, and radial distance from 137 the Earth's center. In the same coordinate system the q, f,
138
and r components of the momentum equations are then 139 [Schubert et al., 2001] cous material and the conditions for isostatic balance, the Figure 1 . (a) Finite element grid adopted for the tectonic predictions described in this study. The grid distinguishes three major blocks, or subdomains: The European, East European Platform, and Mediterranean. The yellow arrows at the left side of the domain represent ridge push forces. The counterclockwise rotation of the African plate with respect to the European plate, adopted from NUVEL-1A, is reflected by the red arrows at bottom left. The velocities along the Aegean Trench (blue arrows) were geodetically determined by McClusky et al. [2000] . The southern border between the model domain and the Arabian region is held fixed ( pink triangles), while the right (eastern) boundary of the model is assumed to be shear stress free (red dots). (b) Crustal thickness variation used in the analysis.
155 momentum equations reduce, after integration over the 156 thickness of the lithosphere, to
160 where m denotes the vertically averaged viscosity of the 161 lithosphere. In equations (11) and (12), S is the crustal 162 thickness, L is the lithospheric thickness, r c and r m denote 163 the densities of the crust and lithosphere, respectively, g is 164 the gravity, and R is the radius of the Earth. The third 165 unknown, u r , is eliminated from these equations by 166 invoking incompressibility and by assuming that the radial 167 strain rate (@/@r)u r vanishes. Under these assumptions, u r 168 may be expressed as
170 Thus the thin sheet model is a reliable predictor of the 171 horizontal components of velocity field u q , u f only.
172
[9] Once the crustal thickness S and boundary conditions 173 are specified, the numerical integration of equations (11) 174 and (12) yields the stationary tectonic deformation field. 175 Within each finite element, the velocity is approximated 176 by linear polynomial interpolating functions and numerical 177 integration is performed by Gaussian quadrature with 178 7 integration points.
179
[10] We performed a series of 9 numerical ''tectonic 180 deformation'' experiments summarized as models 1 -7 181 and 16-17 in Table 1 . The models are distinguished in 182 terms of the adopted lithospheric viscosity and imposed 183 velocity boundary condition along the North Atlantic Ridge. 184 We next discuss each of these model inputs.
185
[11] A distinct viscosity can be applied to each element of 186 the model grid, and this permits incorporation of lateral 187 variations in lithospheric strength. For this purpose, the 188 European lithosphere is treated as the reference subdomain 189 with a prescribed reference (i.e., fixed) viscosity. 
210
[13] We note that our modeling has some similarities to 211 earlier work by Grunthal and Stromeyer [1992] [Molnar et al., 1973] ; these conditions 266 imply that we are assuming that all the intraplate deforma-267 tion of Eurasia due to Africa-Eurasia convergence and 268 Atlantic Ridge push takes place within the model domain.
269
[18] The contact between the East European Platform and 270 Arabian Plate is held fixed, as indicated by the pink 271 triangles in the southeast part of Figure 1a . NUVEL-1A 272 indicates a north directed velocity on this boundary. How-273 ever, as discussed by Jiménez-Munt et al. [2003] , the local 274 stiffness of the lithosphere and the existence of a trans-275 current fault at the northern boundary of the Arabian Plate 276 produce little long-wavelength deformation to the north, 277 where the (ITRF2000 and BIFROST) sites we will be 278 considering are located.
279
[19] Since we are considering Eurasia as fixed, our 280 modeled velocity fields will not contain any rigid rotation 281 of Eurasia with respect to a global reference frame. Rather, 282 these motions will represent velocities (that is, intraplate 283 deformations) superimposed on any rigid plate motions.
284
[20] Finally, the crustal thickness variation used in the 285 analysis has been obtained by linear interpolation onto the 286 adopted grid of model CRUST 2.0 [Bassin et al., 2000; 287 http://mahi.ucsd.edu/Gabi/rem.html] (Figure 1b) . 288 
Glacial Isostatic Adjustment

289
[21] We model glacial isostatic adjustment (GIA) using a 290 Love number formalism [Peltier, 1974] combination of GIA and tectonics deformation models.
327
[24] The first three models in Table 1 is increased throughout the western part of the study Figure 2 . Predictions of horizontal crustal velocities generated using our finite element tectonic model (arrows and color contouring). The models are all based on a homogeneous lithosphere with viscosity of 10 25 Pa s, and they are distinguished on the basis of the velocity boundary conditions applied on the North Atlantic Ridge. Specifically, these conditions are (a) 0, (b) 1/20, and (c) 1/4 of the full spreading velocity given by the NUVEL-1A model at each point on the ridge. These models are labeled 1 -3, respectively, in Table 1 . 348 domain; an increase from 0.2 to 0.5 mm/yr is obtained at the 349 latitude of Fennoscandia.
350
[27] When the velocity along the Atlantic Ridge is 351 increased to 5 mm/yr (leading to an upper bound on ridge 352 push forces, as described in section 1) (Figure 2c ), the 353 tectonic velocity in England and Fennoscandia reach mag-354 nitudes of $3 to $2 mm/yr, respectively. In this prediction 355 the imprint of both the western and southern boundary 356 forcing are clearly evident in the tectonic velocity field. 357 Indeed, along the Alpine Front, north directed motions up to 358 $4 mm/yr are predicted in Figure 2c , and to the north of this 359 region, sites in central Europe are now characterized by an 360 eastern component of motion.
361
[28] The velocity patterns shown in Figure 2 represent the 362 intraplate deformation predicted in the case of homoge-363 neous viscosity models and the magnitudes achieved when 364 ridge push forces are large (Figure 2c ) do not, in this case, 365 appear to be realistic.
366
[29] Next, we explore the effect of incorporating lateral 367 variations in lithospheric stiffness into the tectonic model. 
375
[30] Stiffening of the lithosphere within the East European 376 Platform has the most pronounced effect on predicted 377 tectonic velocities within that region. Specifically, pro-378 nounced velocity gradients as one moves north to south 379 across the platform in Figure 2a are reduced considerably in 380 Figure 3a . The net result is a nearly constant crustal velocity 381 of $0.6 mm/yr across a large portion of the stiffened craton, 382 including Fennoscandia (Figure 3a) . The direction of the 383 velocity is also altered (we return to this point in Figure 4a ).
384
[31] The stiffened lithosphere acts to shield the Baltic 385 region and Fennoscandia from the westward directed 386 velocity driven by the ridge and induces a further reduction 387 of gradients in the tectonic velocity field within a stiffened 388 East European Platform (Figure 2c , model 3, compared to 389 Figure 3b , model 5). As an example, consider a profile 390 from 0°E to 40°E along 50°N latitude: with respect to 391 Figure 2c the velocity is reduced in Figure 3b from 3 -392 4 mm/yr to 2 -3 mm/yr between 0°and 10°E longitude and 393 from 2 -3 mm/yr to 1 -2 mm/yr between 10°and 40°E 394 longitude. Stiffening of the East European Platform thus 395 results into a reduced velocity within northern Europe 396 and Fennoscandia even if a significant velocity boundary 397 condition is applied along the North Atlantic Ridge.
398
[32] Models 6 and 7 are defined by a one order of 399 magnitude reduction of the viscosity within the Mediterra-400 nean lithosphere (Figures 3c and 3d, Figure 2a 407 extend well south into central Europe in Figure 3c (see also 408 the detail of Figure 3c given in Figure 4b ). Clearly, 409 intraplate deformation in Europe due to Africa-Eurasia Mitrovica et al., 1993 Mitrovica et al., , 1994b Peltier, 1998 ], Figure 2 , except for models 4-7 of Table 1 , respectively. In particular, (a) and (b) Models in which the East European Platform is 2 orders of magnitude stiffer then the reference European subdomain (models 4 and 5, respectively). (c) and (d) Viscosity of the Mediterranean subdomain, which is reduced by 1 order of magnitude relative to the reference value of the European subdomain (models 6 and 7, respectively). Furthermore, these models sample cases in which the velocity condition applied along the North Atlantic Ridge (in order to model ridge push forces) is either zero (Figures 3a and 3c ) or 1/4 (Figures 3b and 3d) suggested by the predictions shown in Figures 1 -4 , tectonic Fennoscandian ice complex at its greatest extent, the GIA- [41] The baseline rate, BL, is formally given by
Lambert
516 which defines a projection of relative velocity between sites 517 1 and 2, (V 1 À V 2 ), onto a unit vector in the direction of 518 the baseline vector extending from site 1 to site 2, ((r 1 À r 2 )/ 519 jr 1 À r 2 j). As discussed in section 2, our thin sheet tectonic 520 model yields predictions of horizontal motion only, and thus 521 in this case the baseline rates are predicted on the basis of 522 this component. This limitation should not introduce 523 significant errors since the applied tectonic forcings would 537 network, a set of five other sites (HERS, MADR, BRUS, 538 KOSG, POTS, WETT, RIGA) that were included in crustal 539 velocity solutions published on the BIFROST Web site 540 (http://www.oso.chalmers.se/$hgs/Bifrost_01/index.html). 541 We will henceforth refer to all these sites as ''BIFROST 542 sites,'' but the reader should be aware of the distinction.
543
[43] Figure 7a shows our GIA prediction (as in Figure 5 ) 544 of the sign of the baseline rate for all the VAAS-referenced 545 baselines in Figure 6 . Except for some inconsistencies with 546 a few southerly directed baselines, the GIA model captures 547 the major feature of Figure 6 , namely, the dominant exten-548 sion in the ITRF2000 and BIFROST data. is clear from equation (13), both horizontal and radial 565 motions contribute to these rates. From Figure 5 , VAAS is 566 predicted to be uplifting at a rate close to 1 cm/yr, while 567 central and southern European sites, which lie within the 568 peripheral bulge of Fennoscandia, are subsiding at lower 569 rates. The net contribution of this uplift and (more moder-570 ate) subsidence is to extend the baselines. Indeed, this signal 571 is sufficient to counter the baseline shortening associated 572 with the GIA-induced horizontal velocity field and the net 573 result is consistent with the pattern of widespread extension 574 evident in the longer baselines in Figure 6a . Of course, these 575 arguments refer primarily to the net sign of the GIA-induced 576 baseline rate, rather than the amplitude, and we explore the 577 latter in detail in Figure 8 .
578
[45] Figures 7b-7d show predictions of baseline rates 579 generated from a subset of our tectonic models. 
645
None of these GIA models produced a VAAS-to-central/
646
southern European baseline extension significantly larger 647 than that evident in Figure 8 . In future work we will 648 explore, in detail, this insensitivity and extend the analysis 649 to a more complete range of Earth model and ice history 650 cases.
651
[50] The other possibility is that the residual signal evident 652 in Figure 8 for GIA originates from tectonic forcing. Our 659 Africa indenter. Note that the extension evident for base-660 lines ending at sites east of VAAS (Figure 7b ) is of 661 insignificantly small amplitude. We can conclude that this 662 tectonic model does not impact the GIA fit to the BIFROST 663 baselines and adds to the residual associated with the longer 664 baselines.
665
[52] The tectonic model 5 yields some extension in 666 baselines ending at sites close to 50°N; however, it is 667 unable to explain the dominance of extension in the 668 observations for baselines extending from VAAS to sites 669 between 40°and 46°. North of 50°N, this model predicts 670 some limited extension and shortening but of amplitude 671 insufficient to corrupt the GIA results. The results for 
688
[54] Figure 10a shows predictions for the same set of 689 baselines generated using the GIA model described above 690 (model 8, Table 1 ). This model reconciles the pattern 691 evident in the northern baselines, in particular, a transition 692 from shortening to extension as one considers more north-693 erly sites.
694
[55] In Figures 10b -10d we show POTS-referenced 695 baseline results generated by using the same three models 696 used to construct Figures 7b-7d , respectively.
697
[56] The uniform lithosphere model 1 (Figure 10b Figures 2d and 3b) . 715 As a consequence, sites clustered near the Africa-Europe 716 plate boundary in the southwest (latitudes 43°and 48°N) 717 are predicted to move toward a relatively more stationary 718 Potsdam, and the result is a predicted shortening of these 719 baselines. Figure 10c thus shows that a realistic tectonic 720 model characterized by a stiffening of the lithosphere in the 721 Baltic Shield and a velocity applied along the Atlantic 722 Ridge which simulates ridge push forces can reproduce 723 the dominant shortening of baselines from POTS south and 724 contributes to the extension north of this site.
725
[58] For the final tectonic model of this sequence 726 (model 7, Figure 10d ) the weakened Mediterranean sub- 6. The C C C C C C C 2 Analysis
803
[66] To complete this study, we perform a c 2 analysis to 804 determine which of the 19 models in Table 1 best fit the Figure 11 . Amplitudes of the predicted baseline rates, with respect to POTS, for the baselines shown in Figures 10a-10d , for model 8 (red dots), model 1 (yellow dots), model 5 (blue triangles), and model 7 (green dots), compared to the observed values of baseline rates (black and grey vertical bars have the same significance of Figure 8 ).
805 observations. For this purpose, we will consider ITRF2000 806 baselines only; the GIA model 8 was tuned to best fit 807 BIFROST baselines; as we have seen, this procedure 808 yielded small residuals and thus little scope for neotectonic 809 deformations [Milne et al., 2001] .
810
[67] Let us define the usual c 2 statistic for the perfor-811 mance of the mth model as
812 where BR mi and BR oi denote the ith component of vectors 814 whose components correspond to the values of the modeled 815 and observed baseline rates, respectively. The variance 816 associated with the ith baseline rate is s oi 2 , and N represents 817 the total number of baselines.
818
[68] In Figure 13 we plot the c 2 misfit computed for each 819 of the 19 models in Table 1 for the set of ITRF2000 820 baselines. It is clear from Figure 13 that model 14, which 821 combines the tectonic model 6 with the GIA model 8, 822 provides the best fit to the observations. As we discussed 823 above, model 6 is characterized by a soft Mediterranean 824 subdomain: this region acts to reduce the impact of tectonic 825 forcing due to Africa-Eurasia convergence at sites north of 826 Potsdam, and thus it preserves the fit to northern baselines 827 achieved by the GIA model. In this regard, we note that the 828 next best c 2 value is achieved by model 5, which reduces 829 the tectonic deformation for sites north of Potsdam by 830 stiffening the Baltic Shield.
831
[69] The results in Figure 13 do not represent an exhaus-832 tive investigation of model space. However, Figure 13 833 demonstrates that a combination of tectonic and GIA 834 models has the potential to improve misfits to observed 835 baseline rates over continental Europe. [74] In order to obtain the average pressure, p, we follow,
891
in spherical geometry, the procedure described by England Figure 13 . Results of the c 2 analysis (see text for a detailed discussion) for the performance of the models listed in Table 1 .
